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The  objective  of  this  study  was  to  develop  higher  strength  U-0.75  wt.*^  Ti  by  thermomechanical  procedures.  The 
approach  was  to  replace  the  cotfventional  solution  treated,  quenched,  and  aged  (STA)  process  for  U-0.75  wt.'"^  Ti  with 
warm  rolling  and  warm  or  cold  swaging.  The  effect  of  working  on  structure,  hardness,  tensile  properties,  compressive 
strength,  and  fracture  toughness  was  determined.  Deformation  strengthening  of  previously  hot-extruded  and  slow-cooled 
U-0.75  wt.%  Ti  was  found  to  significantly  increase  the  hardness,  the  tensile  and  compressive  yield  strengths,  the  ultimate 
tensile  strength,  and  the  reduction  in  area.  There  was  no  appreciable  change  in  fracture  toughness.  The  combinations  of 
strength,  ductility,  and  toughness  obtained  by  deformation  strengthening  of  this  as-extruded  material  were  generally  inferior 
to  those  characteristic  of  STA  processing.  U-0.75  wt.%  Ti.  which  was  solution  treated,  water  quenched,  and  warm  rolled  to 
a  large  reduction  and  then  cold  swaged,  achieved  the  highest  values  in  hardness,  tensile  and  compressive  yield  strength,  and 
ultimate  tensile  strength.  Fracture  toughness  values  were  comparable  to  the  conventionally  processed  alloy  and  reduction  in 
area  values  were  significantly  greater.  Deformation  strengthening  of  solution  treated  and  quenched  material  resulted  in 
substantially  better  combinations  of  strength,  ductility,  and  toughness  than  those  characteristic  of  STA  processing. 


1.  Introduction 

The  work  reported  herein  describes  a  program  de¬ 
signed  to  determine  the  influence  of  metallurgical  and 
thermomechanical  process  variables  on  the  mechanical 
behavior  of  the  U-0.75  wt.%  Ti  alloy  in  the  following 
conditions:  as  hot-extruded;  hot-extruded  and  warm 
worked;  and  solution  treated,  water  quenched  and 
warm  worked.  Specific  objectives  of  this  investigation 
were  to  develop  thermomcchanical  treatments  to  im¬ 
part  high  strength  and  ductility. 

In  prior  work  (1]  U-0.75  wt.%  Ti  bars  were  ex¬ 
truded  from  88.9  to  20.3  mm  in  diameter  as  a  function 
of  extrusion  temperature  between  537  and  871*0  in 
56*C  increments  and  fully  characterized.  It  was  found 
that  the  finest  grain  size  and  the  oveiall  best  as-cx- 
truded  mechanic  il  properties  were  produced  732*C. 
Follow-on  extrusion  work  [2]  between  662  and  746*C  in 
14*C  increments  confirmed  that  732*C  was  indeed  the 
overall  optimum  extrusion  temperature.  Tensile  ductil¬ 
ity  was  lower  than  in  the  prior  study  [1],  probably  due 
to  hydrogen  pickup  during  the  molten  suit  heat  treat¬ 
ment  which  was  requiVed  for  best  temperature  control. 
Further,  the  (0.2%)  yield  strength  obtained  did  not 


meet  the  minimum  requirement;  namely.  724  MPa.  By 
comparison,  conventional  treatment  requires  solution 
treating  at  850°C  and  aging  at  355°C  to  achieve  the 
desired  strength  level  and  elongation. 

In  order  to  retain,  or  further  refine,  the  small  grain 
size  achievable  by  the  732°C  extrusion,  and  to  increase 
the  yield  strength  and  elongation,  a  follow-on  rod 
rolling  operation  was  employed.  Justification  for  this 
approach  is  based  upon  a  study  [3]  which  showed  that 
i.sotropic  mechanical  properties  are  retained  by  unal¬ 
loyed  uranium  which  was  rolled  unidirectionally  and 
that  warm  deformation,  up  to  80%  reduction,  pro¬ 
duced  an  increase  in  both  fracture  stress  and  tensile 
ductility  of  unalloyed  uranium. 

Eckclmcycr  [4.5]  found  that  cold  working  the  water 
quenched  martensitic  phase  in  U-0.75  wt.%  Ti  pro¬ 
duces  u  significantly  higher  elongation  and  reduction  in 
area  when  compared  with  identical  yield  strength  ma¬ 
terials  produced  by  aging  treatments.  Since  the  as- 
quenched  U-().75  wt.%  Ti  martensitic  phase  provided 
the  highest  ductility  avuilublc  for  this  alloy.  Eckclmeycr 
rolled  as  water  quenched  15.2  mm  thick  plate  up  to 
40%  reduction.  Rolling  was  carried  out  at  tempera¬ 
tures  up  to  .380®C.  A  determination  was  made  of  the 
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clTccis  oCdol'orniation  and  aging  on  hardness.  Identical 
rates  ol  hardening  due  to  deformation  were  observed 
at  all  temperatures  up  to  300‘’C.  When  deformation 
was  carried  out  at  higher  temperatures  combined  de¬ 
formation  and  age  hardening  effects  iKCur.  thus  shift¬ 
ing  curves  to  higher  hardness.  Post-deformation  aging 
also  results  in  additional  hardening.  The  hardening- 
effects  of  deformation  and  aging  were  found  to  be 
additive. 

Significant  residual  stresses  are  introduced  by  the 
initial  water  quenching.  However,  small  amounts  of 
post  quenching  room  temperature  deformation  are 
currently  used  to  decrease  the  magnitudes  of  these 
residual  stresses.  Small  amounts  of  deformation  make 
the  radial  residual  stress  gradient  smaller  and  reduces 
macrosurface  differences.  At  higher  strains.  liKalized 
deformation  was  found  to  occur  at  approximately  20^r 
reduction  regardless  of  deformation  temperature  and 
its  extent  increased  with  increasing  reduction  at  all 
temperatures  [4],  This  is  potentially  undesirable  be¬ 
cause  small  regions  of  highly  deformed  material  could 
act  as  initiation  sites  for  stress  corrosion  cracks. 


2.  Procedure 

2. 1.  Materials  and  processing 

U-0.75  wt.'T-  Ti  material  had  the  chemical  analysis; 
0.72  wt.^f  Ti.  37  ppm  C.  50  ppm  Fe.  10  ppm  Al.  10 


ppm  Cu.  5.<!  ppm  Si.  10  ppm  Ni.  10  ppm  Nb.  remain¬ 
der  uranium  consistent  with  a  good  quality  heat.  This 
material  was  in  the  form  of  20.3  mm  in  diameter  bar 
which  was  obtained  by  double  extruding  a  305  mm 
diameter  ingot  at  S71‘’C  to  billets  S6.4  mm  in  diameter 
and  subsequently  extruding  at  732°C  to  size.  The  heat¬ 
up  for  the  732°C  extrusion  was  accomplished  in  either 
of  two  ways:  brought  to  temperature  in  molten  salt; 
glass  coated  and  heated  in  air  to  reduce  hydrogen 
pickup.  The  molten  salt  heat  treated  billets  were  he;ited 
to  850“C  in  vacuum  in  the  gamma  phase  region  to 
remove  hydrogen  to  less  than  0.10  ppm  prior  to 
quenching  and  warm  rolling  or  cold  swaging  opera¬ 
tions.  Table  I  lists  processing  summaries  (conditions 
lA  through  6A)  in  column  2  and  total  overall  reduction 
by  warm  working  from  20.3  mm  diameter  for  condi¬ 
tions  2A  through  5A  is  listed  in  column  3. 

More  specifically,  conditions  I  A.  2A.  and  6A  were 
extruded  from  86.4  mm  diameter  billets  to  20.3.  20.3 
and  14.5  mm  diameter  bar.  respectively,  from  a  molten 
salt  bath.  For  condition  2A.  the  as-extruded  20.3  mm 
in  diameter  bar  was  further  solution  treated  at  850°C 
in  vacuum  for  2  h.  water  quenched  and  warm  rolled 
63.  Kf  at  .3(K)'’C.  and  then  cold  swaged  I0.5^f  to  1 1.1 
mm  in  diameter  for  a  total  reduction  of  70.4^f  of  the 
original  cross-sectional  area. 

Conditions  3A.  4A.  and  5A  were  extruded  using 
86.4  mm  diameter  glass-coated  billets  to  20.3  mm.  For 
condition  3A.  the  as-extruded  bars  were  warm  rolled 
75.7''r  to  10.0  mm  in  diameter.  For  condition  4A.  the 


Table  I 

Comparisvin  of  mechanical  properties  *  of  as-extruded  and  warm  worked  bars  with  differing  processing  histories.  .As  received; 
extruded  732°C  -  conditions  I A  through  5  A  to  20.3  mm  diameter:  condition  hA  to  14.5  mm  diameter.  PriKessing  notes;  ST  - 
solution  treated  S50°C;  WQ  -  water  quenched;  \VR  -  warm  rod  rolled  .M)0°C;  CS  -  cold  swaged  -  1.27  mm:  DWS  -  double  warm 
sw  aged 


Cond, 

Proc. 

Tensile  (l).2''r 

) 

Compressive 

0.2''; 

YS 

(MPa) 

Hardness 

RDN 

{'-?) 

Total 

RDN 

('■r) 

YS 

(MPa) 

UTS 

(MPa) 

Elon. 

('■r) 

RA 

i'-f) 

Mod. 

of  ElasI 
(GPa) 

2UC 

(MPa  vm  ) 

-46T 

(MPa  vm  ) 

HRC 

Trans. 

Longit. 

lA 

.As  received 

0 

0 

5(W 

1028 

8.3 

9.3 

167 

613 

41 

34 

29.3 

28.4 

2A 

ST 

0 

70,4 

1598 

2058 

9.8 

37.4 

I.s4 

1076 

69 

40 

44.6 

46.5 

WO  WR 

6.T1 

CS 

l‘>.5 

t 

3A 

WR 

75.7 

75.7 

889 

1625 

5.9 

17.1 

144 

845 

30 

21 

39.2 

42.0 

4A 

WRs- 

48.9 

67.4 

995 

1498 

6.0 

14.9 

154 

827 

48 

37 

.39.4 

.39.4 

DWS 

21.4 -t- 

18.7 

fA 

WRf 

58.9 

66.5 

1259 

1967 

4.6 

13.8 

151 

898 

42 

33 

38.7 

42.5 

ws 

18.6 

hA 

As  received 

0 

0 

587 

1142 

7.9 

9.2 

148 

697 

40 

32 

31.4 

31,4  ■  ‘ 

■'  Each  value  -  average  of  minimum.of  two  test  specimens. 
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4A  Warm  rolled  and  double  warm  swaged 
67.4%  at  300“C  to  a  diameter  of  1 1 .6 
mm.  Fine  structure  a  phase. 
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5A  Warm  rolled  and  single  warm  swaged 
66.5%  at  300°C  to  a  diameter  of  11.8 
mm.  Fine  structure  a  phase. 


6A  Extruded  to  14  5  mm  diameter  bar 
Equiaxed  phase 


Fig.  1.  Section  transverse  to  extrusion  direction  at  the  center  of  the  bar.  Extrusion  temperature  732  (  ,  Unetthed  polari/ed  liehi 
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2A  Solution  treated  at  850  C  lor  two  hours  in 
vacuum,  water  quenched,  warm  rolled  at 
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mm  in  diameter  Elongated  a'  phase 
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3A  Warm  rolled  75  7%  at  SOO^C  to  a  diame¬ 
ter  o<  10.0  mm.  Elongated  fine  struc¬ 
ture  a  phase 


4A  Warm  rolled  and  double  warm  swaged 
67  4%  at  300  C  to  a  diameter  of  n  6 
mm  Elongated  fine  structure  a  phase 
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100  pm 

5A  Warm  rolled  and  single  warm  swaged  6A  Extruded  to  14  5  mm  diameter  bar 

66  5%  at  300  C  to  a  diameter  of  1 1  8  Equiaxed  cr  phase, 

mm  Elongated  fine  structure  cx  phase 

Fig.  2.  Section  purullel  to  e.xtrusion  direction  at  the  center  of  the  bar.  Extrusion  temperature  7X2  C  I  netched  polan/cd  light 
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as-cxtrudcd  bars  were  warm  rolled  and  double  warm 
swaged  67.4%  to  a  diameter  of  1 1.6  mm.  For  condition 
5A,  the  as-extruded  bars  were  warm  rolled  and  single 


(b)  Trantvtrt*  view. 


Fig,  3.  Solution  treated  S.5()“C  for  two  hours,  water  (luenched. 
warm  r(»lled  at  3(I0°C'  and  cold  swaged  70.4'V  to  II. I  mm  in 
diameter.  »'  phase  martensite.  F.tched  bright  field. 


warm  swaged  66,5%  to  ll.S  mm  diameter  bar.  All 
warm  rolling  and  warm  swaging  was  conducted  at 
300°C. 

2.2.  Samplinf’  -  .specimen  preparation 

Slow-bcnd  V-notch  Charpy  impact  specimens  (type 
A)  [6]  were  utilized  for  fracture  toughness  measure¬ 
ments.  Type  A  Charpy  impact  specimens  were  ma¬ 
chined  from  larger  diameter  bars  >  12.7  mm  in  diame¬ 
ter.  The  dimensions  were  10.0  mm  x  10.0  mm  x  55.0 
mm.  For  the  smaller  diameter  warm  worked  bar  <  12.7 
mm  in  diameter,  the  machined  dimensions  were  7.50 
mm  X  7.50  mm  x  55.0  mm.  Both  types  of  specimens 
were  used  for  static  fracture  toughness  measurements. 
The  notches  were  always  located  on  surfaces  lying 
nearer  the  outer  diameter  of  the  bar.  Prior  study  [7.8] 
disclosed  a  similarity  between  the  and  K,)  values 
obtained,  thus,  it  was  decided  to  use  only  the  simplest 
and  least  costly  specimen,  the  V-notch  bend  Charpy 
impact  specimen,  and  report  Kq  values  for  the  materi¬ 
als. 

The  tensile  specimens  from  the  larger  diameter  bars 
>  12.7  mm  were  73.0  mm  long  with  gauge  diameter  of 
6.40  mm  and  gauge  length  of  25.4  mm:  for  the  smaller 
diameter  warm  worked  bar  <  12.7  mm.  the  57.2  mm 
long  specimens  had  gauge  diameter  of  4.06  mm  and  a 
gauge  length  of  16.3  mm.  The  compression  specimens 
had  an  L/D  =  2. 

2.?.  Fracture  toui>hness  test  method 

The  procedure  [9]  for  making  K^^  measurements 
involved  three-point  bend  testing  of  notched  Charpy 
specimens  that  had  been  precracked  in  fatigue.  Load 
versus  displacement  data  was  recorded  autographically. 
The  maximum  load  in  each  test  was  recorded  and  the 
nominal  crack  strength  was  determined  from  this  value 
using  the  original  dimensions  of  the  specimen  with  jhe 
single  beam  bending  equation.  The  Rockwell  C  hard¬ 
ness  of  each  specimen  was  measured  by  taking  the 
average  t)f  four  equtilly  spaced  readings  on  the  back  of 
each  specimen. 


3.  Results  and  discus.slon 

.?.  /.  Mii'rostrm  ture 

The  unetched  mieroslruelures  for  the  extrtided  and 
warm  wtSrked  bars  arc  shown  under  polarized  light  for 
the  six  conditions  I A  Ihnuigh  bA  in  figs.  I  and  2  for 
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Table  2 

Mechanical  properties  of  U-().75  wtTr  Ti  bars  -  identically  solution  treated  at  «5()°C  2  h;  vertically  water  quenched  at  0.46  m  per 
minute;  aged  16  h  at  in  gas  recirculating  furnace 


N<>. 

0.2'‘f  YS 
(MPa) 

UTS 

Mod.  of  E 
(GPa) 

Elon. 

in) 

RA 

('’r) 

Hardness  (HRC) 

iiVIra/ 

L' 

T 

01 

806 

1380 

149 

17 

23 

42.1 

39.7 

79 

817 

1380 

162 

20 

■  28 

41.1 

38.7 

'  L  -  longitudinal  section. 
**  T  -  transverse  section. 


the  transverse  and  longitudinal  sections,  respectively. 
Conditions  lA  and  6A  extruded  at  732°C  to  20.3  mm 
and  14.5  mm  diameter  showed  an  equiaxed  a  phase 
grain  structure  with  an  ASTM  grain  size  of  six  and 
eight,  respectively.  Condition  6A  had  a  significantly 
smaller  grain  size  than  condition  lA.  Conditions  3A. 
4A.  and  5A  extruded  at  732‘’C  and  subsequently  warm 
worked  had  an  a  phase  structure  with  indistinct  grain 
boundaries.  The  longitudinal  section  exhibited  marked¬ 
ly  elongated  grains. 

Condition  2A.  which  was  solution  treated  at  S50®C. 
water  quenched,  warm  rolled  and  cold  swaged,  shows 
for  the  tran.sverse  view  under  polarized  light  an  a' 
phase  martensitic  structure.  The  corresponding  longi¬ 
tudinal  view  shows  a  highly  elongated  martensitic 
structure.  The  etched  structure  of  condition  2A  in  fig. 
3  under  bright  field  e.\amination  discloses  a  duplex 


grain  structure  with  areas  of  coarse  and  fine  prior- 
gamma  grains  for  the  transverse  view.  The  predomi¬ 
nant  area  of  fine  prior-gamma  grains  has  an  ASTM 
grain  size  of  5.  The  longitudinal  view  showed  highly 
elongated  prior-gamma  grains  with  indistinct  grain 
boundaries. 

J.2.  Tensile  tests 

A  summary  of  tensile  test  results  is  shown  in  table 
1.  It  was  found  that  the  ultimate  tensile  strength  and 
(().2''f)  yield  strength  for  condition  2A.  extruded  at 
732®C.  solution  treated,  quenched,  and  warm  rolled 
and  cold  swaged  were  outstanding  and  significantly 
exceeded  those  for  the  other  five  conditions.  Condi¬ 
tions  3A.  4A,  and  5A  which  were  extruded  at  732°C. 
warm  rolled  or  warm  swaged  were  lower.  Conditions 
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Fig.  4.  Fraclurv  temghness  (tf  bars  c.xtruilcil  al  7.t2'’C'  and  warm  worked  at  .tll1l''('  superimposed  »*n  a  ratio  analysis  diagram  for 

U-0.7.^  wt.';  Ti. 
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Fig.  5.  Reduction  m  area  values  versus  yield  strength  (0.2'; )  for  bars  extruded  at  '.f2  (  and  warm  vuirked  ai  >oii  ( 


lA  and  6A  which  were  extruded  at  732°C  and  not 
subsequently  warm  rolled  or  swaged  had  the  lowest 
values.  Since  condition  2A  also  had  a  significant  elon¬ 


gation.  almost  10' at  a  very  high  strength  level  and 
fracture  toughness  values  which  were  eomparable  to 
currently  produced  water  quenched  and  aged  L'-0.75 


Yield  Strength  {Q.2X)  MPo 

Fig.  6.  Elongation  values  for  bars  extruded  at  732“C  and  warm  worked  at  .tIKFC  superimposed  on  ratio  analysis  diagram  lor  I '  (i ’s 

wt  Ti. 
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Ti  alloys,  a  detailed  mechanical  properties  evalu¬ 
ation  was  carried  out  and  is  presented  in  the  latter  part 
ol  this  paper.  For  comparison  purposes,  mechanical 
properties  were  also  determined  on  bars  from  the  same 
heat  that  had  been  identically  commercially  heat 
treated;  i.e..  solution  treatments  were  given  with  aging. 
These  properties  arc  shown  in  table  2. 

3.3.  Fracture  touf’hncx.s  rersii.K  yield  streuftth  10.2^ r) 

Fig.  4  plots  room  temperature  fracture  toughness 
versus  yield  strength  (0.2'“f)  superimposed  on  a  ratio 
analysis  diagram  [8]  containing  a  technological  limit 
line  which  represents  the  highest  values  of  fracture 
resistance  previously  measured  for  U-0.75  wt.'T  Ti 
as-c.xtrudcd  and  STA  alloys.  As-extruded  at  732‘’C  con¬ 
ditions  lA  and  6A  had  similar  Kq  Charpy  fracture 
toughness  values  of  41  and  40  MPa  yfm,  respectively, 
which  were  well  below  the  technological  limit.  Condi¬ 
tion  6A  had  the  higher  yield  strength  of  .^07  MPa.  and 
smaller  grain  size.  Condition  3A.  extruded  at  7.32‘’C 
and  warm  rolled  75.7*7  at  3IKPC  had  a  value  of  .30 
MPa  Vm  also  below  the  technological  limit.  Conditions 
4A  and  5A  extruded  at  732'’C.  warm  rolled  and  warm 
swaged  at  300°C.  had  fracture  toughness  Kq  values  of 
48  and  42  MPa  /in.  respectively.  The  latter  value 
exceeded  the  technological  limit  at  the  yield  strength 
of  1259  MPa.  If  warm  rolling  was  followed  by  warm 
swaging,  an  appreciable  reduction  in  fracture  tough¬ 
ness  did  not  occur  with  an  increase  in  yield  strength. 
Condition  2A.  extruded  at  732'’C.  solution  treated  at 
850°C  water  quenched,  warm  rolled  at  300'’,  and  cold 
swaged  lO.Vr  had  room  temperature  fracture  tough¬ 
ness  Kq  value  of  69  MPa  /in  at  high  yield  strength  of 
1598  MPa.  markedly  exceeding  the  technological  limit. 

3.4.  Reduction  in  area  and  elonnation  versus  yield  strenfttb 
(0.2'’ () 

Fig.  5  shows  a  plot  of  riM>m  temperature  reduction 
in  area  versus  yield  strength  (0.2*'r).  The  elongations 
plotted  in  fig.  6  arc  superimposed  on  a  ratio  analysis 
diagram  containing  a  technological  limit  line  which 
represents  the  highest  values  of  percent  elongation 
previously  measured.  Conditions  lA  and  6A  extruded 
at  732‘’C  had  reductions  in  area  slightly  below  lOCf  and 
elongations  of  about  8Cr  at  yield  strengths  below  724 
MPa.  Conditions  3A.  4A.  and  5A  as  extruded  at  732'’C 
and.  respectively,  warm  rolled  75. 7'"^  and  warm  rolled 
and  warm  swaged  67.4*"^  and  66.5*’r  had  a  decrease  in 
percent  reduction  in  area  from  17.1  to  13.8.  and  in 


elongation  from  6  to  4.6  with  increasing  yield  strengths 
over  the  range  889  to  1259  MPa.  Condition  2A  ex¬ 
truded  at  132°C  solution  treated  at  85()'’C,  water 
quenched,  warm  rolled  and  cold  swaged  70,4C;  had  an 
outstanding  percent  reduction  in  area  of  37.4  and  an 
elongation  of  9.8  which  exceeded  the  technological 
limit  line  in  fig.  6.  The  percent  reductions  in  area  for 
the  warm  rolled  and  swaged  Conditions  2A  through  5A 
greatly  exceeded  the  elongations  indicating  signifi¬ 
cantly  more  necking  occurs  for  these  conditions  when 
compared  to  as-extruded  Conditions  lA  and  6A. 

3.5.  Fracture  touf{hne.ss  versus  hardness 

Table  1  shows  room  temperature  fracture  toughness 
Kq  values  and  HRC  for  the  as-extruded  12>2°C  condi¬ 
tions  lA  and  6A  and  warm  worked  conditions  2A 
through  5A.  In  comparison  to  Condition  lA  the  higher 
hardness,  smaller  grain  size  condition  6A  with  smaller 
diameter  bar  did  not  exhibit  a  decrease  in  fracture 
toughness.  Conditions  4A  and  5A  which  were  ex¬ 
truded.  warm  rolled  and  warm  swaged  also  did  not 
exhibit  a  decrease  in  fracture  toughness  at  a  significant 
increase  of  Rockwell  C  hardness  to  40.  Condition  3A. 
which  was  processed  similarly  to  conditions  4A  and  5A. 
did  not  undergo  a  final  warm  swaging  procedure  and 
the  fracture  toughness  fell  slightly  below  the  required 
Kq  value  33  MPa  /iii  at  -46'’C  to  prevent  fracture  at 
low  temperature.  Solution  treated,  water  quenched, 
and  warm  rolled  condition  2A  had  the  highest  fracture 
toughness  value  at  the  HRC  of  46.5.  An  increase  in 
HRC  values  for  the  warm  rolled  and  swaged  conditions 
2A  through  5A  did  not  cause  a  decrease  in  Kq  values. 

3.f>.  Fracture  toui;hne.ss  versus  temperature 

Table  1  shows  fracture  toughness  Kq  values  at 
-46‘’C  and  ■t-21‘’C.  In  condition  2A  the  solution 
treated,  water  quenched  and  warm  rolled  condition 
easily  e.xceeded  the  required  Kq  value  of  33  MPa  v'm 
at  -46'’C.  Conditions  4A  and  5A  which  were  extruded 
warm  rolled  and  warm  swaged  also  met  this  require¬ 
ment.  Condition  3A  extruded  and  warm  rolled  had  a 
value  -significantly  below  the  specification  limit  at 
-46‘’C.  Condition  6A  extruded  to  14.5  mm  in  diameter 
had  a  value  slightly  below  the  requirement. 

.3.7.  Compre.ssive  yield  strength  (0.2'"f) 

Fig.  7  plots  compressive  yield  strength  (0.2'7  )  versus 
tensile  yield  strength  ((l.2*’f)  for  alloys  with  different 
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•  Tenstio  Yield  Strength,  MPo  (0.2K) 

Fig.  7.  Compressive  yield  strength  versus  tensile  yield  strength 
(yield  strengths  at  ().2''r  offset). 

processing  histories.  In  all  cases  where  the  material 
was  not  warm  or  cold  worked,  the  compressive  yield 
strength  (0.2%)  exceeds  the  tensile  yield  strength 
(0.2%)  by  100  to  276  MPa.  These  materials  all  have 
compressive  yield  strengths  which  arc  slightly  higher 
than  corresponding  tensile  yield  strengths.  This  occurs 


Fig,  8.  HiHlogram  -  N  versus  11 RC  for  2n..t  mm  diameter 
U-().75  wl.%  Ti  bars,  solution  irealed  at  K5I)’('  for  two  hours, 
wafer  quenched,  warm  rolled  at  .tOO’C,  and  cold  swaged 

70.4'-; . 


too 

in  crystallogruphically  textured  uranium  and  its  alloys 
which  deform  by  combinations  of  slip  and  twinning. 
The  preferred  orientation  favors  slip  deformation  when 
the  alloy  is  compressed  and  twinning  deformation  when 
the  alloy  is  stressed  in  tension.  Since  different  stresses 
arc  required  for  slip  and  twinning,  this  results  in  the 
tensile-compressive  yield  strength  anisotropy.  The  data 
for  these  alloys  appear  generally  above  the  45®  line  of 
fig.  7. 

For  conditions  3A,  4A,  and  5A,  which  arc  extruded 
and  warm  worked,  the  reverse  is  true;  i.e.,  the  tensile 
yield  strengths  (0.2%)  exceeds  the  compressive  yield 
.strengths  (0.2%)  and  arc  plotted  below  the  45®  line. 
For  condition  2A  which  was  solution  treated,  water 
quenched,  warm  rolled  and  cold  swaged  the  tensile 
yield  strength  (0.2%)  greatly  exceeds  the  compressive 
yield  strength  (0.2%).  Those  alloys  for  which  the  ten¬ 
sile  yield  strength  (0.2%)  significantly  exceeds  the  com¬ 
pressive  yield  strength  (0.2%)  have  been  found  by 
X-ray  analysis  to  have  appreciable  preferred  orienta¬ 
tion.  These  latter  alloys  exhibit  a  pronounced 
Bauschingcr  effect  which  greatly  exceeds  the  textural 
contribution.  Elongation  of  thc.alloy  in  tension  beyond 
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Fig.  ‘).  Variation  of  tensile  properties  with  temperatures  foi 
20..^  mm  diameter  U-(l.7.^  wt.'r  Ti  bars,  solution  treated  at 
850'('  for  two  hours,  water  quenehed.  warm  rolled  .it 
and  eold  swaged  711  4'- 
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Tabic  3 

Varialion  <if  tensile  properties  with  temperature  for  :().3  mm  diameter  U-0.75  wt.'7  Ti  bars  solution  treated  at  850 C  for  •  h 
water  quenched  and  warm  rolled  70.4'''r  at  3iK)°C,  condition  2A 


Temperature 

(°C) 

0.2%  YS 
(MPa) 

UTS 

(MPa) 

Elon. 

(%) 

RA 

(%) 

Mod.  of  E 
(GPa) 

HRC 

+  54 

1507 

1861 

8.1 

■EBH 

174 

46.4 

+  .38  . 

1549 

1896 

9.7 

169 

45.7 

+  21 

1598 

2058 

9.8 

37.4 

154 

45.7 

+  4 

1760 

2093 

8.4 

.33.7 

160 

48.2 

-4 

1661 

-  2101 

7.5 

26.6 

152 

45.3 

_  *) 

1702 

2148 

7.8 

.31.9 

160 

45.7 

-21 

1696 

2117 

6.9 

25.4 

161 

45.9 

-29 

1877 

2241 

7.3 

28.3 

138 

46.2 

-46 

1784 

nd 

nd“ 

nd 

156 

nd 

-73 

2002 

2348 

4.5 

18.2 

1.59 

46.8 

-101 

1737 

2568 

3.0 

9.3 

172 

45.5 

-  129 

nd“ 

1129 

1.2 

1.1 

159 

nd  ■' 

■'  Note:  nd  =  no  data. 


its  yield  strength  and  strain  hardening  by  warm  or  cold 
working  correspondingly  decreases  its  axial  compres¬ 
sive  yield  strength  while  increasing  its  tensile  yield 
strength.  The  tensile  and  compressive  yield  strength 
values  for  conditions  2A,  3A.  4A,  and  5A  indicate  that 
the  degree  of  anisotropy  increases  with  rising  tensile 
yield  strength  level. 

3.8.  HRC  -  condition  2A 

A  histogram,  as  shown  in  fig.  8,  was  obtained  by 
plotting  frequency  of  occurrence  versus  HRC  in  inter¬ 
vals  of  0.5  units.  Values  were  determined  on  backs  of 
Kq  Charpy  specimens.  The  small  range  in  HRC  dis¬ 
closed  in  the  histogram  indicates  the  bars  arc  quite 
uniform  in  hardness  with  location  with  the  major  part 
of  values  falling  between  45  to  46.5  HRC.  The  average 
HRC  value  obtained  above  was  46.  The  average  HRC 
obtained  for  a  transverse  disc  specimen  was  44.6,  dis¬ 
closing  a  slight  anisotropy  in  properties. 

3.9.  Tensile  properties  versus  temperature  -  condition  2A 

Fig.  9  and  table  3  illustrate  the  effect  of  test  tem¬ 
perature  on  mechanical  properties  determined  over 
the  temperature  range  -10I®C  to  +54®C.  With  u 
decrease  in  temperature,  the  ultimate  tensile  strength 
increased  from  1861  to  2568  MPa  and  the  (0.2^^)  yield 
strength  increased  from  1507  to  2(K)2  MPa.  Corre¬ 
spondingly.  the  percent  elongation  decreased  from  9.7 
to  3.0  and  the  reduction  in  area  decreased  from  34.8  to 
9..3'"f.  For  the  same  test  temperatures  the  ultimate 


tensile  strength  the  (0.2*”^)  yield  strength  and  reduction 
in  area  exceed  the  values  for  the  conventionally  proc- 
cs.scd  vertically  water  quenched  and  aged  bars  by  30  to 
100%.  Comparison  with  room  temperature  tensile  data 
can  be  made  for  conventionally  processed  bars  in  table 
2. 

3.10.  Fracture  touf(hne.ss  values  versus  temperature  - 
condition  2A 

Fig.  10  and  table  4  compares  over  the  temperature 
range  -73  to  -t-38®C  the  fracture  toughness  data  for 


Table  4 

Comparison  of  fracture  toughness  Charpy  6.’,j  and  hardness 
values  for  bars  2A  and  B 


Temperature 

(°C) 

2A' 

(MPa  ) 

B*' 

(MPa  ) 

HRC 

2A 

B 

+  .38 

72 

74 

45.7 

.39.4 

+  21 

69 

65 

45.7 

39.5 

+  4 

60 

61 

46.2 

.39.7 

-  12 

49 

52 

45,7 

.39.7 

-21 

44 

50 

46.0 

.39.6 

-29 

46 

46 

46.2 

39.4 

-46 

36 

40  ' 

- 

.39.4 

-73 

38 

35 

46.8 

,39.7 

•'  2A:  solution  treated  at  8,5()'’C  for  2  h.  water  quenched,  warm 
rolled  at  3(MrC,  and  cold  swaged. 

"  B:  solution  treated  at  SIKrC  for  2  h  .ind  85IK'  I  2  h 
vertically  water  tjuenched  at  11, 4h  m  per  minute,  .igcd  lb  h 
at  3.50"('  in  lead  bath. 
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Fig.  10.  Comparison  of  the  variation  of  fracture  toughness 
with  temperature  for  (2A)  20.3  mm  diameter  U-O.?.*?  wt.""/  Ti 
bars,  .solution  treated  at  850°C  for  two  hours,  water  quenched, 
warm  rolled  at  300°C,  and  cold  swaged  7().4Cf  and  (B)  bars 
solution  treated  at  800°C  for  two  hours,  and  850”C  1/2  hour 
vertically  water  quenched  at  0.46  m  per  minute,  aged  16  h  at 

3.‘>(y’C. 


the  extruded  at  732°C  solution  treated,  water  quenched, 
warm  rolled  cold  swaged  bar  (see  condition  2A)  with 
conventionally  processed  vertically  water  quenched  and 
aged  bars  (B).  The  fracture  toughness  values  were 
found  to  be  similar  although  HRC  values  were  higher 
for  condition  2A. 


4.  Summary 

The  warm  rolling  and  warm  swaging  of  fine  grained 
as-exiruded  U-().75  wt.%  Ti  at  large  reductions  was 


found  to  significantly  increase  the  hardness,  reduction 
in  area,  the  tensile  and  compressive  yield  strength,  and 
the  ultimate  tensile  strength.  A  small  reduction  (k- 
curred  in  the  percent  elongation.  There  was  no  appre¬ 
ciable  change  in  fracture  toughness  values. 

U-0.75  wtf/r  Ti  which  was  solution  treated,  water 
quenched,  warm  rolled  to  large  reduction,  and  cold 
swaged  achieved  the  highest  values  in  hardness,  ten¬ 
sile.  and  comp  essive  yield  strength.  When  compared 
to  the  conventionally  processed  solution  treated,  water 
quenched  and  aged  U-().75  wt.''/  Ti.  the  fracture 
toughness  values  were  similar,  the  reduction  in  area 
values  were  significantly  greater  and  the  percent  elon¬ 
gation  was  reduced. 

This  latter  processing  procedure  is  recommended 
over  the  conventional  standard  process  whenever  very 
high  strength  U-().75  wt.%  Ti  alloys  with  significant 
ductility  are  required. 
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Commander,  Defense  Technical  Information  Center,  Cameron  Station,  Ekiilding  5.  5010  Duke  Street 
Alexandria.  VA  22304-6145 
1  ATTN:  OTIC-FOAC 

DARPA,  1400  Wilson  Boulevard,  Arlington,  VA  22209 
1  ATTN;  Director,  Materials  Science 

1  MIA/CINDAS,  Purdue  University,  2595  Yeager  Road,  West  Lafayette,  IN  47905 

Commander.  Army  Research  Office,  P  O.  Box  12211,  Research  Triangle  Park,  NC  27709-2211 
1  ATTN:  Information  Processing  Office 

1  Dr,  R,  Reeber 

1  Director.  Materials  Science 

Commander,  U.S.  Army  Materiel  Command.  5001  Eisenhower  Avenue.  Alexandria.  VA  22333 
1  ATTN:  AMCSCI 

1  AMCPO-BD,  Dr.  R.  Chart 

1  Technical  Library 

Commander.  U.S.  Army  Materiel  Systems  Analysis  Activity,  Aberdeen  Proving  Ground.  MD  21005 
1  ATTN:  AMXSY-MP,  Director 

Commander,  U.S  Army  Missile  Command.  Redstone  Arsenal,  AL  35809 
1  ATTN:  Technical  Library 

Commander,  U.S.  Army  Armament  Research.  Development  and  Engineenng  Center,  Picatmny  Arsenal. 

NJ  07806-5000 

1  ATTN:  SMCAH-A6T-M,  Dr.  B.  Lakshminarayan 

1  Mr.  A.  Daniels 

1  Dr,  S.  Cytron 

1  K.  Willison 

1  Technical  Library 

Commander,  U.S,  Army  Natick  Research,  Development  and  Engineenng  Center. 

Natick,  MA  01760-5010 
1  ATTN;  Technical  Library 

Commander,  U.S.  Army  Tank- Automotive  Command,  Warren,  Ml  48397-5000 
1  ATTN:  AMSTA-2SK 

1  AMSTA-TSL,  Technical  Library 

1  AMSTA-RCK, 

Commander,  U.S.  Army  Foreign  Science  and  Technology  Center,  220  7th  Street,  N.E . 

Charlottesville,  VA  22901-5396 

1  ATTN:  AIFRTC,  Applied  Technologies  Branch,  Gerald  Schlesinger 

Commander,  U.S.  Army  Aviation  Systems  Command,  Aviation  Research  and  Technology  Activity, 

Aviation  Applied  Technology  Directorate,  Fort  Eustis,  VA  23604-5577 

1  ATTN:  SAVDL-E-MOS  (AVSCOM) 

1  SAVDL-EU-TAP 

Director,  Weapons  Technology  Directorate,  Aberdeen  Proving  Ground,  MD  21005-5066 
1  ATTN:  AMSRL-WT-T 

1  W.  Bruchey 

1  L  Magness 

1  K.  Frank  K 

1  L.  Giglio-Tos 
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To 


Chief  of  Naval  Research,  Arlington,  VA  22217 
1  ATTN:  Code  471 

1  Code  1131,  Dr.  A.  J.  Sedriks 

1  Code  1131,  Dr.  S.  Fishman 

Chief  of  Naval  Research,  Washington,  DC  20350 
1  ATTN:  OP-987,  Director 

Naval  Surface  Weapons  Center,  Silver  Springs,  MO  20910 
1  ATTN;  Or.  J.  Typings,  Code  R32 
1  Or.  Sutula,  Code  R33 

1  Or.  R.  Lee,  Code  R34 

Commander,  Naval  Surface  Weapons  Center,  Dahlgren  Latwratoty.  Dahlgren,  VA  22448 
1  ATTN;  Dr.  Bettadapur,  Code  C53  ^ 

Commander,  Naval  Air  Development  Canter,  Warminster,  PA  18974 
1  ATTN;  Dr.  V.  S.  Agarwala 

Naval  Post  Graduate  School,  Monterey,  CA  93948 
1  ATTN;  Code  57BP,  R.  E.  Ball 
1  Technical  Library 

1  David  V.  Edmonds 

1  NASA  -  Langley  Research  Center,  Hampton,  VA  23665-5225 

NASA  -  Lewis  Research  Center,  2100  Brookpark  Road.  Cleveland,  OH  44135-3191 
1  ATTN:  Technical  Library 

Commander,.  U.S.  Air  Force  Materials  Laboratory,  Wright-Patterson  Air  Force  Base,  Dayton,  OH  45 133 
1  ATTN:  Technical  Library 

U.S.  Air  Force  Office  of  Scientific  Research,  Bolling  Air  Force  Base,  Washington,  DC  20332 

1  ATTN:  Or.  A.  Rosenstein 

Lawrence  Livermore  National  Laboratory,  P.O.  Box  808,  Livermore,  CA  94550 

2  ATTN:  Technical  Library 

Florida  Atlantic  University  College  of  Engineering,  Department  of  Ocean  Engineering,  P.O.  Box  3091, 

Boca  Raton,  FL  33431-0991 
1  ATTN:  Prof.  J.  McIntyre 

Martin  Marietta  Energy  Systems,  Y-12  Plant,  Oak  Ridge.  TN  37831 
1  ATTN;  M.  Ammons 

1  J.  W.  Koger 

1  W.  G-  Northcutt  Jr. 

EG&G  Rocky  Flats  Plant  P.O.  Box  464,  Golden,  CO  80402-0464 
1  ATTN:  Dr.  R.  Jackson  ( 

1  C.  M.  Edstrom 

1  S.  L  Bokan 

Nuclear  Metals,  Inc.,  2229  Main  Street,  Concord,  MA  01742  4 

1  ATTN;  M.  Gaydos 

1  A.  Geary 

1  W,  Nacjtrab 

1  W,  Zimmer 

Manufacturing  Sciences  Corporation,  P.O.  Box  886,  Oak  Ridge.  TN  37831 
1  ATTN:  M.  R.  Lundberg 

1  D.  Floyd 

1  T.  Muth 

U.S.  Department  of  Energy,  Sandia  National  Laboratories,  P.O.  5800,  Albuquerque.  NM  87185-5800 

1  ATTN;  Or.  Kenneth  Eckelmeyer 

Director,  U.S.  Army  Research  Laboratory,  Watertown,  MA  02172-0001 

2  ATTN:  AMSRL-OP-CI-D,  Technical  Library 
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